Magneto-transport properties have been investigated for epitaxial thin films of B20-type MnSi grown on Si(111) substrates. Both Lorentz transmission electron microscopy (TEM) images and topological Hall effect (THE) clearly point to the robust formation of skyrmions over a wide temperature-magnetic field region. New features distinct from those of bulk MnSi are observed for epitaxial MnSi films: a shorter (nearly half) period of the spin helix and skyrmions, and an opposite sign of THE. These observations suggest versatile features of skyrmion-induced THE beyond the current understanding.
Magneto-transport properties have been investigated for epitaxial thin films of B20-type MnSi grown on Si(111) substrates. Both Lorentz transmission electron microscopy (TEM) images and topological Hall effect (THE) clearly point to the robust formation of skyrmions over a wide temperature-magnetic field region. New features distinct from those of bulk MnSi are observed for epitaxial MnSi films: a shorter (nearly half) period of the spin helix and skyrmions, and an opposite sign of THE. These observations suggest versatile features of skyrmion-induced THE beyond the current understanding. The topological spin texture called skyrmion, in which the constituent spins point in all directions wrapping up a sphere, has recently been observed in the helimagnets with a non-centrosymmetric structure [1] [2] [3] [4] [5] . This novel magnetic structure has attracted great interest not only for its rich physics related to the quantum Berry phase (skyrmion number) [6] [7] [8] , but also for its potential application. It is found that the skyrmion motion can be driven by a current density as low as 10 5 -10 6 A/m 2 [9] [10] [11] , in contrast with the case of magnetic domain walls of conventional ferromagnets, in which the critical current density of 10 9 -10 11 A/m 2 is required [12, 13] . This high current-sensitivity may promise the potential application of the skyrmion in the next-generation magnetic recording technique as well as other related spintronic devices.
The skyrmion-hosting B20-type crystal structure is cubic but noncentrosymmetric and hence hosts the Dzyaloshinskii-Moriya (D-M) interaction. This antisymmetric spin exchange interaction competes with symmetric Heisenberg exchange and Zeeman interactions, producing rich magnetic structures, such as helical (proper screw) spin structure [14, 15] , conical spin structure [14, 16] , and field-induced ferromagnetism. The skyrmion spin texture, which is a superposition of three helices perpendicular to the external magnetic field H, is also a consequence of the competition but can be found only in quite a limited temperature-magnetic field (T -H) region (so-called A phase) for bulk crystals [1] . The coverage of skyrmion phase, however, turns out to be greatly enlarged in thin plates [17] ; when H is applied normal to film planes, the extended skyrmion phases have been observed by Lorentz TEM in free-standing thin plate specimens, the thickness of which are reduced to < 100 nm by ion-milling the bulk samples such as Fe 0.5 Co 0.5 Si [2] , FeGe [3] , MnSi [4] , and insulating multiferroic Cu 2 OSeO 3 [5] .
In the light of both fundamental research and application, epitaxial growth of these B20 compound thin films is more beneficial, because the thickness can be better controlled, the transport properties can be precisely measured, and the desired patterning for the device fabrication is easy to implement. Despite the intensive effort in fabricating epitaxial B20 thin films, such as of MnSi [18] [19] [20] [21] [22] [23] , no compelling evidence of the skyrmion formation has yet been obtained. A recent study on the fabrication of FeGe/Si(111) thin films has argued that the topological Hall effect (THE) exists over a wide T -H region [24] . The THE itself is not limited to the skyrmion spin structure alone [7, 8] but emergent in other noncoplanar spin systems as well, therefore the one-to-one correspondence between skyrmion formation and THE in epitaxial thin films is to be evidenced. In this paper, we report the realization of high-quality epitaxial MnSi/Si(111) thin film and demonstrate skyrmion-derived THE through the combination of transport measurements and the realspace observations by Lorentz TEM.
Our optimized scheme of the epitaxial growth of MnSi(111) thin film is to start with depositing 4 monolayer Mn at room temperatures onto Si(111)-7×7 surface followed by annealing at 200
• C to form a seed layer of MnSi, then depositing Mn and Si at room temperature either by co-evaporation or by repeating Mn/Si sandwich layers, and finally annealing it at 300-400
• C. The singlephase nature was checked by the grazing-incident X-ray diffraction, which shows no detectable impurity phase [ Fig. 1(a) ]. High crystalline quality is also confirmed by cross-section TEM image [ Fig. 1(b) ].
The transition temperature T c of the 10 nm MnSi film is determined to be ∼45 K from the temperature profile of field-cooling magnetization M and zero-field cooling longitudinal resistivity ρ xx -T [ Fig. 1(c) ]. The T c of 50 nm film is found almost identical with that of the 10 nm film. The present T c is appreciably higher than those of bulk MnSi (29.5 K) and free-standing thin film sliced off from the bulk (22.5 K for the 50 nm film), perhaps due to tensile strain induced by 3% lattice mismatch between the epitaxial MnSi film and Si(111) substrate [22] . Below T c , a sufficiently large field aligns all the spins and turns the system into the induced ferromagnetic (spincollinear) state. This transition manifests itself as the kink-like behavior in M -H and
The saturated magnetization (M s ) at 2 K, which is derived as extrapolating M from high field to zero field, is found to be 0.42 ± 0.02 µ B per Mn atom, in good agreement with the reported value for bulk MnSi [25] .
show representative Lorentz TEM images on the 10 nm MnSi/Si(111) film. At 6 K under zero external field, the helical structure is clearly observed as the alternating bright and dark stripes in a Lorentz TEM image [ Fig. 1(d) ]. The vortex-like skyrmions [bright or dark dots shown in Figs. 1(f) and (h)] can be observed at higher temperatures (18 K and 30 K) under 400 mT normal to the film. For clarity, we also present the filtered images [Figs. 1(e), 1(g), and 1(l)], which are reconstructed from the filtered magnetic reflection via the fastFourier-transform. Here we note that the Lorentz TEM observation reveals remarkable differences from previous results in bulk MnSi [1, 14, 16] and the free-standing thin film [4] . First, the period of helical structure (λ h ) is 8.5 nm in the 10 nm MnSi film [illustrated by the arrows in Fig. 1(d) ], about half of that in the bulk specimen (18 nm). This discrepancy likely originates from different exchange coupling strengths, because λ h is determined by the ratio J/D, where J and D are the Heisenberg and D-M exchange couplings, respectively [15, 26] ; the tensile strain from the substrate may alter the magnetic parameter, or substantially increase D. Second, the skyrmions observed in the epitaxial 10 nm film show little sign of long-range order (i.e., the hexagonal skyrmion crystal) and form a glassy state. This feature invokes the presence of disorder, which may come from slight off-stoichiometry of Mn/Si and/or lattice defects. These observations point to a sort of hierarchical nature of skyrmion formation, i.e., the local skyrmion formations themselves are robust against disorder, while their long-range crystalline packing may be prevented by the presence of disorder.
To see how the skyrmion formation affects transport properties, we looked into the field dependence of Hall resistivity ρ yx of the 10 nm and 50 nm films. The results are shown in Figs. 2(e) and (f) [see Figs. 4(a) and (b) for magnified views in the low-field region]. For the both films, hamp-like anomalies can be clearly seen between 15 K and 35 K when 0 < H < H c , i.e., in accord with the T -H region of skyrmions observed by the Lorentz TEM. We therefore ascribe this anomaly to the THE induced by the skyrmion spin texture. In general, the total Hall resistivity can be expressed as the sum of various contributions: ρ yx = R 0 H + ρ 
where the terms with α, β, and b correspond to the skew scattering, the side jump, and the intrinsic contribution respectively, while ρ xx0 stands for the residual resistivity. We derived ρ A yx by extrapolating ρ yx in a high field region (linear fitting from 9 T to 5 T) to zero field. When T → 0 K, both ρ Fig. 3(a) the result obtained at 2 K from the four 10 nm-thick samples with different ρ xx0 values [30] . From the linear fitting, αM s is determined to be −3.5 × 10 −3 . The same value seems applicable to 50 nm film as well [see Fig. 3(a) ].
In terms of conductivity, Eq. (1) can be written equivalently as [27, 29] :
where again the terms with α, β correspond to the skew scattering σ The total Hall resistivity can therefore be expressed as
For H > H c , ρ and b can be determined, respectively, from the intercept and the slope of linear fitting of (ρ yx − αM ρ xx0 )/H vs ρ 2 xx M/H (not shown), with the α value as determined above. In this analysis, we used the ρ xx -H curves shown in Figs. 2(a) and (b) . The fitted results of R 0 H + (αρ xx0 + bρ the emergence of THE is stabilized over a broad region in the T -H plane, spanning from 10 K to T c and occupying almost all the region below H c except near zero field; this is in sharp contrast to the small A phase region in bulk MnSi [1, 31] . The maximum value of ρ T yx in the epitaxial thin films is about 10 nΩcm, approximately twice as large as that in bulk MnSi (-4.5 nΩcm) [31] , albeit the signs are opposite, which will be discussed later. Furthermore, for both the 10 nm and 50 nm films, the sign of ρ T yx flips from positive to negative when T < 5 K. This behavior is more prominent in the 10 nm film [see the raw data shown in Fig. 4(a) ], where the maximum magnitude of ρ T yx (about -7.8 nΩcm) is comparable to the that of the positive ρ T yx observed at higher temperatures. Unfortunately this temperature range (T < 5 K) cannot be reached in our Lorentz TEM setup. The spin texture in this low temperature region requires further investigations.
The sign of ρ T yx is considered to depend on the spin polarization (P ) of charge carriers. The band structure calculation of B20 bulk MnSi indicates that the net spin polarization of the electron state near Fermi surface is very sensitive to the position of Fermi level [32, 33] , and the sign of P may be inverted even within the accuracy of the calculation [32] . The density of states near Fermi level is overwhelmingly contributed by d-electrons [32] , which are rather localized, and the contributions of itinerant s-band is rather small; this feature makes the calculation of P of charge carriers even more delicate. All these facts suggest that the P may be affected largely by a small change in the band structure, which could be induced, for example, by the tensile strain or even by the temperature variations. The large (by half) change of the helical period in the present thin film may also signal the modification of the electronic structure. This may explain the discrepancy of the sign of ρ T yx between in epitaxial MnSi film and in bulk MnSi.
In conclusion, we have succeeded in fabricating highquality epitaxial MnSi/Si(111) thin films that host the skyrmion phase. A combination of the Lorentz TEM and measurement of topological Hall effect reveals that the skyrmion phase is extended over a much wider temperature-magnetic field range than the skyrmionic A phase of bulk MnSi. The results for the 10 nm and 50 nm MnSi films show consistently that the sign of topological Hall resistivity is opposite to that in bulk MnSi, which may reflect the sign change of the conduction electron spin polarization affected by the epitaxial lattice strain, possible nonstoichiometry, and temperature-variation.
